The technical and economic features of a patented V-shape roof guide vane (VRGV) with a solar and wind power generation system mounted on an eco-roof system are presented in this paper. Moreover, this innovative VRGV was investigated on for the purpose of improving the performance of a vertical axis wind turbine (VAWT), which was installed on an eco-roof system to solve the low-efficiency power generation problem of the wind turbines under the condition of a low wind speed. This paper proposes a preliminary study for the performance of the VAWT with the VRGV on a building. This research used a mock-up building with a double slope roof, where a five straight-bladed VAWT was mounted and tested under two conditions, with and without the VRGV. From the comparative experiments, the self-starting performance and rotational speed of the VAWT mounted above a double slope roof with the VRGV have been significantly improved compared to the VAWT without the VRGV. Further, the power coefficient (C p ) of the VAWT can be augmented to about 71.2% increment due to the VRGV design. In addition, numerical simulations by computational fluid dynamics (CFD) were proposed to verify the augmented effect of the C p of the VAWT under the influence of the VRGV in the experiment. Besides, economic estimation of the VRGV was conducted.
Introduction
The consumption of fossil fuels has become a major cause of environmental pollution in the world. Improvement in living standards has led to a significant growing demand for energy. This increase in energy has caused an increment in the demand for fossil fuels, which has been known as the main cause of global warming issues. In order to prevent global warming, many countries have reached a consensus on inhibiting carbon dioxide emissions [1, 2] . One effective strategy is to use renewable energy that generates electricity without pollution. A relevant research report shows that renewable shape of a building roof significantly affects the wind speed as the wind flows through a building [35] . A sloped roof has good performance in increasing wind speed, thus, a building with slope roof is more suitable for rooftop wind turbine to utilize wind energy in the areas with low wind speeds [36] . Recent studies on the application of wind energy (wind turbine) on a double slope have been proposed. Nightingale et al. proposed a wind energy conversion system with a double-layered slope roof structure that was mounted on a building including a plurality of HAWTs. The cover acting as a second slope roof structure was installed above the wind turbines. Both of the gabled slope roofs of the building and the cover structure constituted a cowling that was designed according to the aerodynamics to concentrate air flow through the wind turbines [37] , as shown in Figure 1 . Miller proposed a wind power generation system for capturing wind energy on a double slope roof that comprised of cylindrical impellers and a plurality of vanes being located near the edge of the radius of the cylindrical impellers. The system further included an inlet duct that directed the wind flow perpendicularly to the impeller and an outlet duct that directed the wind flow out [38] , as shown in Figure 2 . The obvious differences between the present eco roof with VRGV and Nightingale et al. as well as the Miller's roof wind energy utilization system mentioned above are the adoption of an inverted cover waveguide and utilization of the hybrid wind, solar and rain.
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Concept Design of an Eco-Roof System with V-Shape Roof Guide Vane (VRGV)
The eco-roof system consists of a two-layered roof, where the top V-shape accessorial roof is designed as the VRGV to be installed above the ridge of the building without negative visual impact to solve the low wind speed and turbulence issues in urban area and the lower gabled double slope roof covers the entire building area. Table 1 lists the design parameters for this eco-roof system with the VRGV. The design of this eco-roof system comprises both electricity production and recovery system. Electricity production system applies wind and solar energy to generate electricity for the building's usage. A plurality of the vertical axis wind turbines are arranged in between the gable roof and the V-shape roof to harness wind energy where the wind turbines convert the kinetic energy from the wind to mechanical rotational energy, hence producing electrical energy by the generator. In addition, solar photovoltaic panels installed on the two layers of roof structures (V-shape accessorial roof and double slope roof) absorb daylight for the electrical power generation, as shown in Figure 4 . Electricity recovery system is composed of rainwater collection and utilization system, daylight harvester and heat dissipation air vent. Rainwater collection and utilization system with water storage tanks and water spray pipes are designed to cool and clean the PV panel and household usage. Two skylights are installed on the upper edge of the double slope roof for daylight harvesting. Heat dissipation air vents are mounted on the edge of the double slope roof and under the wind turbines for promoting the indoor air circulation and reducing indoor temperature.
The main novelties of this roof system are as follows:
• To offer the possibility for a building's roof to produce and save electricity by the use of hybrid natural renewable resources (wind, solar and rain).
• VRGV can improve the starting behavior and power generation efficiency of the wind turbine installed in between a two-layer roof in low wind speed areas.
•
Rainwater harvester system for solar PV panel cooling and cleaning is applied for the purpose of improving the generation efficiency of solar power.
The warm air indoor can be exhausted through the air vent by the pressure difference produced by the running of the wind turbine between the two layers of the roof structure.
In addition, this eco-roof system with the VAWTs does not require a large tower and can be installed on any building with a double slope roof, refer to Figure 5 . Moreover, the eco-roof system can be adjusted to fit a variety of roofs with different inclination angles without prejudice to the building structure. . Eco-roof system with the VRGV as a standard system for installation.
Features of the V-Shape Roof Guide Vane (VRGV)
The VRGV can concentrate the wind flow from a larger area and augment the wind velocity before the touching of the wind with the wind turbines. Apart from helping to improve the power generation performance of the rooftop VAWT in the areas with low wind speeds, the VRGV also serves as a mounting bracket for the placement of solar PV panels, refer to Figure 6 . At the same time, the VRGV also acts as the flow path for collecting and leading rainwater towards the water storage tanks. The rainwater stored was mainly channeled to an automated cooling and cleaning system that washes solar panels embedded in the sloped roof to keep them efficient. Thus, it is not necessary to have an extra structure to harvest solar energy and rainwater due to the multipurpose feature of the VRGV design which has higher efficiency in energy production. The installation of this VRGV on a double slope roof to collect wind, solar and rainwater can give a full play to Malaysia's climate advantage (i.e., strong solar radiation and rainfall), which would maximize the energy production and savings [40] .
In addition, two transparent panels are located on the pitched roof, near to the roof ridge and under the projection area of the VRGV to reduce the lamps power consumption during the daytime, as shown in Figure 6 . The transparent panel can be made of energy saving glass. Meanwhile the VRGV can also prevent direct sunlight into the room at noon time. Thus, diffused light is allowed to enter the building through the transparent panels. 
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Through a series of CFD numerical simulations and lab verification experiments, a tilt angle of 19.5 • [46] is determined as the optimum geometric parameter for the present VRGV to enhance wind speed and lead to a lower turbulence intensity between the two-layered roof structure, refer to Figures 9 and 10. are provided to prevent rainwater from entering the building through the air vent.
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Methodology: Experiment, Simulation and Economic Estimation
The research methodology of this study was conducted via two parts which are as follows:
(1) Performance analysis of the VAWT embedded in the double slope roof and VRGV by lab experiment and CFD; (2) Economic estimation of the VRGV (with solar photovoltaic system and wind power system).
In the lab test experiment, the wind speed augmented effect of the VRGV, the rotation performance (self-starting and rotational speed) and the optimized power performance (Cτ and Cp) of the VAWT embedded in the double slope roof and VRGV were investigated. In this experiment, a 5-bladed H-rotor VAWT with FX63-137 airfoil mounted on a central shaft together with a supporting arm was applied. To verify the result of the power performance (Cp) of the VAWT with VRGV in the lab experiment, computational fluid dynamics (CFD) was conducted. For the economic estimation of the VRGV with solar photovoltaic generation system and the wind power system installed on a double slope roof, the life cycle cost (LCC) method was adopted and the complete range of cost-effectiveness was considered and the cash flow time-equivalent was made.
Lab Experiments

Prototype Fabrication
The experimental setup mainly consists of a mock-up building with a double slope roof, a 5-bladed H-rotor VAWT, VRGV structure, an anemometer, a dynamometer controller system and ventilation fans. The dimensions of the mock-up building are 1600 mm (length) × 1420 mm (width) × 1305 mm (height), which are 1 to 10 ratio reduced to the actual size of the building. The VRGV structure has a length of 1600 mm, a width of 660 mm and a height of 1821.8 mm. The inclination angles of the VRGV and the gable roof is 19.5° and 15°, respectively. A value of 19.5° is the optimum tilt angle for the VRGV to augment the wind speed as wind passes through the wind turbine between two-layers of the roof structure [47] . Furthermore, 15° is the optimum roof inclination angle for solar PV panels obtaining the most solar radiation in Malaysia [45] . In this experiment, the wind flow was produced by a series of ventilation fans that were arranged in a 3 × 3 equally spaced configurations, refer to Figure 11a . The wind direction is set to be parallel to the ground and perpendicular to the 
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Prototype Fabrication
The experimental setup mainly consists of a mock-up building with a double slope roof, a 5-bladed H-rotor VAWT, VRGV structure, an anemometer, a dynamometer controller system and ventilation fans. The dimensions of the mock-up building are 1600 mm (length) × 1420 mm (width) × 1305 mm (height), which are 1 to 10 ratio reduced to the actual size of the building. The VRGV structure has a length of 1600 mm, a width of 660 mm and a height of 1821.8 mm. The inclination angles of the VRGV and the gable roof is 19.5 • and 15 • , respectively. A value of 19.5 • is the optimum tilt angle for the VRGV to augment the wind speed as wind passes through the wind turbine between two-layers of the roof structure [47] . Furthermore, 15 • is the optimum roof inclination angle for solar PV panels obtaining the most solar radiation in Malaysia [45] . In this experiment, the wind flow was produced by a series of ventilation fans that were arranged in a 3 × 3 equally spaced configurations, refer to Figure 11a . The wind direction is set to be parallel to the ground and perpendicular to the building model [48] . The air blown by these ventilation fans can reproduce similar turbulence and swirling flow in the field environment. In the present experiment, a 5-blade FX63-137 airfoil H-rotor VAWT with a diameter of 0.3 m was chosen and mounted on a experimental mockup. Figure 12 shows the detailed parameters of the lab experiment setup.
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Experiment Set-Up for Testing Wind Turbine Rotational Performance Without Load
The experiment was undertaken to study the wind speed augmented effect of the VRGV, selfstarting performance and augmented effect of the rotational speed (RPM) of the VAWT in the presence of the VRGV by using the prototype mentioned in Section 4.1.1. The method of a comparative study was adopted in this experiment, which was conducted in three configurations as follows: 
The experiment was undertaken to study the wind speed augmented effect of the VRGV, self-starting performance and augmented effect of the rotational speed (RPM) of the VAWT in the presence of the VRGV by using the prototype mentioned in Section 4.1.1. The method of a comparative study was adopted in this experiment, which was conducted in three configurations as follows: Since the wind flow wasn't precisely controlled, the wind speeds were measured at five touch points which were equidistantly distributed on the horizontal direction along one blade of the VAWT (refer to Figure 12 ). The measurement position was set at 4150 mm downstream of the ventilation fans and the height of 1505 mm (the location of the front edge of the VAWT towards the ventilation fans).
In this experiment, the rotor of the VAWT was in a free-running condition, only the bearing friction and inertial were considered. The on-coming wind velocity was increased gradually from 0 m/s to 6.5 m/s until the rotor started to run to obtain the self-start wind speed. The wind speed measurements were conducted by using a vane anemometer. The accuracy of the airflow measurement was ensured by repeating measurements five times at the same measurement point. The RPM of the free running VAWT at an oncoming wind speed of 6.5 m/s under the condition of an open rotor VAWT, with and without the VRGV, were recorded by a dynamometer controller system ( Figure 13 ) after the rotational speed of the rotor was stabilized. According to this comparison experiment, it was found out that the wind speed passing through the region between the double slope roof and the VRGV can be augmented, and that the self-starting performance as well as the rotation speed of the VAWT can be preliminarily optimized by the VRGV design. Since the wind flow wasn't precisely controlled, the wind speeds were measured at five touch points which were equidistantly distributed on the horizontal direction along one blade of the VAWT (refer to Figure 12 ). The measurement position was set at 4150 mm downstream of the ventilation fans and the height of 1505 mm (the location of the front edge of the VAWT towards the ventilation fans). 
Experimental Set-Up for Testing Power Performance of Wind Turbine with Load
The experiment was undertaken to study the power performance, Cp of the VAWT embedded in the double slope roof and VRGV by using the prototype mentioned in Section 4.1.1. The experiment was conducted in three configurations as mentioned in Section 4.1.2.
The measurement was conducted using a dynamometer controller ( Figure 13 ) [48] . The alternating current (AC) from the generator is rectified into a direct current (DC) for the current measurement in this experiment. In the present experiment, the frictional loss caused by the generator is negligible [48] . In this study, the rotor shaft was connected by a tapered roller bearing and a deep groove ball bearing [49] .
In the present experiment, a wind speed of 6.5 m/s was employed as an on-coming wind speed for the measurement of the torque, τ which was produced by the rotor of the VAWT mounted on the double slope roof with the VRGV and the RPM of the VAWT. The torque applied to the rotor of the VAWT was changed by manually adjusting the load on the rotor shaft [49] . The torque experienced by the rotor of the VAWT and the corresponding RPM of the rotor at a particular load on the rotor shaft were recorded directly by the dynamometer controller system after the RPM of the rotor was stable. In the calculation process, the angular speed, ω of the VAWT rotor was calculated by Equation (1), Tip speed ratio (TSR) of the VAWT at a particular angular speed was calculated by using Equation (2) . The power output (P) of the VAWT was estimated by Equation (3), and the Cp of the VAWT was obtained by Equation (4) . In the test process, seven different loads (equivalent to seven different rotational speeds (TSRs)) between load 0% and load 100% were employed on the rotor shaft by a manual control in order to draw the power coefficient curve of the VAWT versus seven different rotational speeds (TSRs is 0.83, 0.75, 0.68, 0.63, 0.58, 0.51, 0.45):
where, TSR (λ) is tip speed ratio; R is radius of blades sweeping area (m); ω is angular speed (rad/s);
∞ is mean incident wind speed (m/s); τ is torque (Nm); P is power output of the VAWT (kW); ρ is air density (kg/m 3 ); A is swept area of wind turbine blade (m 2 ); Cp is power coefficient of the VAWT. 
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In the present experiment, a wind speed of 6.5 m/s was employed as an on-coming wind speed for the measurement of the torque, τ which was produced by the rotor of the VAWT mounted on the double slope roof with the VRGV and the RPM of the VAWT. The torque applied to the rotor of the VAWT was changed by manually adjusting the load on the rotor shaft [49] . The torque experienced by the rotor of the VAWT and the corresponding RPM of the rotor at a particular load on the rotor shaft were recorded directly by the dynamometer controller system after the RPM of the rotor was stable. In the calculation process, the angular speed, ω of the VAWT rotor was calculated by Equation (1), Tip speed ratio (TSR) of the VAWT at a particular angular speed was calculated by using Equation (2). The power output (P) of the VAWT was estimated by Equation (3), and the C p of the VAWT was obtained by Equation (4) . In the test process, seven different loads (equivalent to seven different rotational speeds (TSRs)) between load 0% and load 100% were employed on the rotor shaft by a manual control in order to draw the power coefficient curve of the VAWT versus seven different rotational speeds (TSRs is 0.83, 0.75, 0.68, 0.63, 0.58, 0.51, 0.45):
where, TSR (λ) is tip speed ratio; R is radius of blades sweeping area (m); ω is angular speed (rad/s); U ∞ is mean incident wind speed (m/s); τ is torque (Nm); P is power output of the VAWT (kW); ρ is air density (kg/m 3 ); A is swept area of wind turbine blade (m 2 ); C p is power coefficient of the VAWT.
Computational Fluid Dynamics (CFD) Simulation
Computational Domain and Meshing
In the present study, 2D computational fluid dynamics simulation was performed to support the result of the power performance of the wind turbine due to the VRGV design in the experiment. Also, a preliminary understanding of the relevant aerodynamic issues in the operation of the wind turbine can be obtained through the CFD simulation.
This 2D computational domain consists of two different domains: a fixed rectangular outer domain including a circular aperture, a double-sloped geometry aperture and a V-shaped geometry aperture, as well as a circular internal domain to adapt to the circular aperture. The circular internal domain was defined as the rotor domain of the wind turbine [50] . Interface boundary condition was selected on the surface shared by the fixed circular aperture in the rectangular outer domain and the inner rotor domain. The dimensions of the building and the wind turbine models used in this computational simulation were the same as the experimental prototype in Section 4.1.1. In this CFD simulation, the inlet boundary as a velocity inlet, was set at a distance of 40 rotor diameters on the upwind side and the outlet boundary as a pressure outlet with a relative pressure of 0 P a was set at a distance of 50 rotor diameters on the downwind side to monitor the wake transformation during the wind turbine operation [51] .
In this 2D numerical study, the consideration was limited on the wind velocity, rather than pressure distribution and wind multi-directionality. Moreover, the effects of the supporting arm, bearing and torque shaft were not considered and the surface roughness level of the double slope roof and V-shape roof was ignored [50] . The fluid used in the simulation is air with a density of 1.225 kg/m 3 . However, the uniform oncoming flow velocity of 6.5 m/s was assumed at 40 rotor diameters upstream of the wind turbine and the pressure returned to its baseline value at 50 rotor diameters downstream of the wind turbine in the simulation. Similar to most cases with low wind speeds, a non-slip condition was assumed for the surfaces of the blades in this 2D numerical analysis. Symmetry boundary conditions were employed to the top and bottom wall regions of the fixed rectangular outer domain to ensure fluid continuity and rapid results convergence [50] .
A structured mesh was adopted in the fixed rectangular outer domain for reducing computational time [50] . The unstructured mesh was used for the rotor domain, as they can follow complicated aero-foil geometries. The rotor blade airfoil geometries were modeled in Autodesk Inventor 2017 (Autodesk, San Rafael, CA, USA) and imported into ANSYS Fluent 16.0 (ANSYS, Pittsburgh, PA, USA).
Turbulence Model
Direct numerical simulation (DNS), large eddy simulation (LES) and Reynolds average Navier-Stokes (RANS) are considered as the three most commonly used turbulence simulation methods in CFD [28] . DNS is the most advanced computational approach, which solves the turbulence equations directly without simplification, however DNS method consumes a lot of computing resources and time [52] . LES is an alternative method to model turbulence where a time-dependent simulation using the filtered Navier Stokes equations explicitly computes large eddies [53] , which is appropriate for 3D simulation, however, the LES method is still computationally expensive to simulate a 3D complicated unsteady dynamic phenomenon. RANS is based on the theory of reducing computational resource by time averaging the flow quantities for a whole range of turbulence scales [53] , which is the most appropriate method for a 2D dynamic flow simulation due to its low computational cost and relatively high accuracy. According to Sodja et al.'s research, RANS method only has about 5% computing time of the LES [54] .
The k-ω shear stress transport (SST), standard k-ε, re-Normalization Group (RNG) k-ε and realizable k-ε are considered as classical turbulence models based on RANS equations (two equation models). k-ω SST is a two-equation eddy-viscosity model, which is the combination of k-ω and k-ε turbulence models: the k-ω model in the inner parts of the boundary layer, and the k-ε model in the free flow region [50] . Standard k-ε is a model based on the model transport equations for the turbulence kinetic energy (k) and its dissipation rate (ε) [55] . The RNG k-ε model is developed using the re-normalization group methods to renormalize the Navier-Stokes equations in order to improve the accuracy and reliability for a wider flow [56] . The realizable k-ε model is derived from an exact equation for the transport of the mean square vorticity fluctuation and involves an alternative formulation for turbulent viscosity [57] . The contrast between the k-ω SST, standard k-ε, the RNG k-ε and the realizable k-ε was carried out by Wong et al. to choose a proper turbulence model in the CFD simulation, as shown in Figure 14 . It is shown that the k-ω SST model efficiently blends the robust k-ω model near the wall area and shifts to a standard k-ε model at the far flow to process a complex flow with the adverse gradient [58] [59] [60] . Therefore, the k-ω SST model is selected as the turbulence model in the numerical simulations in this research. Figure 15 shows the domain with the boundary condition used and the velocity contour for the VAWT. turbulence kinetic energy (k) and its dissipation rate (ε) [55] . The RNG k-ε model is developed using the re-normalization group methods to renormalize the Navier-Stokes equations in order to improve the accuracy and reliability for a wider flow [56] . The realizable k-ε model is derived from an exact equation for the transport of the mean square vorticity fluctuation and involves an alternative formulation for turbulent viscosity [57] . The contrast between the k-ω SST, standard k-ε, the RNG k-ε and the realizable k-ε was carried out by Wong et al. to choose a proper turbulence model in the CFD simulation, as shown in Figure 14 . It is shown that the k-ω SST model efficiently blends the robust k-ω model near the wall area and shifts to a standard k-ε model at the far flow to process a complex flow with the adverse gradient [58] [59] [60] . Therefore, the k-ω SST model is selected as the turbulence model in the numerical simulations in this research. Figure 15 shows the domain with the boundary condition used and the velocity contour for the VAWT. turbulence kinetic energy (k) and its dissipation rate (ε) [55] . The RNG k-ε model is developed using the re-normalization group methods to renormalize the Navier-Stokes equations in order to improve the accuracy and reliability for a wider flow [56] . The realizable k-ε model is derived from an exact equation for the transport of the mean square vorticity fluctuation and involves an alternative formulation for turbulent viscosity [57] . The contrast between the k-ω SST, standard k-ε, the RNG k-ε and the realizable k-ε was carried out by Wong et al. to choose a proper turbulence model in the CFD simulation, as shown in Figure 14 . It is shown that the k-ω SST model efficiently blends the robust k-ω model near the wall area and shifts to a standard k-ε model at the far flow to process a complex flow with the adverse gradient [58] [59] [60] . Therefore, the k-ω SST model is selected as the turbulence model in the numerical simulations in this research. Figure 15 shows the domain with the boundary condition used and the velocity contour for the VAWT. 
Validation of the Simulation Methodology
In order to validate the simulation methodology mentioned above (boundary condition, mesh and turbulence model), a 2D CFD simulation of an open rotor VAWT for the coefficient of torque versus the azimuth angle was conducted. The parameters from Oler's experimental, i.e., inlet velocity, rotor tip speed (TSR = 5.1), rotor diameter, airfoil type and domain size were used in the CFD simulation for this verification. The simulation parameters are listed in Table 2 based on Oler's experiment [49] . The simulation result was compared with the experimental data published by Oler et al. [62] . As a result, the torque coefficient obtained from Oler's experiment and the CFD simulation was plotted in Figure 16 . According to the figure, there is a similar trend between Oler's experiment and the simulation. However, an over-predicted torque coefficient appears in the simulation result between azimuth angle 40 • to 260 • . 
In order to validate the simulation methodology mentioned above (boundary condition, mesh and turbulence model), a 2D CFD simulation of an open rotor VAWT for the coefficient of torque versus the azimuth angle was conducted. The parameters from Oler's experimental, i.e., inlet velocity, rotor tip speed (TSR = 5.1), rotor diameter, airfoil type and domain size were used in the CFD simulation for this verification. The simulation parameters are listed in Table 2 based on Oler's experiment [49] . The simulation result was compared with the experimental data published by Oler et al. [62] . As a result, the torque coefficient obtained from Oler's experiment and the CFD simulation was plotted in Figure 16 . According to the figure, there is a similar trend between Oler's experiment and the simulation. However, an over-predicted torque coefficient appears in the simulation result between azimuth angle 40° to 260°. The variation between the simulation and Oler's experiment was affected by the low Reynolds number, which increased the drag and obviously decreased the lift of the blade [64] . Therefore, the force generated from the upwind path was high while the simulated normal force was low, due to the reduction of the wind speed in the downwind pass. Another reason is that the blade Oler et al. [62] employed in the experiment was a low aspect ratio blade that might need a 3D method, while the CFD simulation involved 2D only. The variation between the simulation and Oler's experiment was affected by the low Reynolds number, which increased the drag and obviously decreased the lift of the blade [64] . Therefore, the force generated from the upwind path was high while the simulated normal force was low, due to the reduction of the wind speed in the downwind pass. Another reason is that the blade Oler et al. [62] employed in the experiment was a low aspect ratio blade that might need a 3D method, while the CFD simulation involved 2D only.
Computational Grid Sensitivity Study
Computational grid sensitivity study was conducted to choose the suitable grid number that can guarantee not only a low computational cost but also a relatively accurate result. In the current study, the computational domain, boundary condition and turbulence model mentioned in Sections 4.2.1 and 4.2.2 were employed. This case was based on a 5-bladed H-rotor VAWT with the FX63-137 airfoil, a diameter of 0.3 m, which was the same VAWT in the experiment. Furthermore, this mesh sensitivity study was performed by re-simulating the above experiment for an open rotor VAWT at an inlet wind speed of U ∞ = 6.5 m/s and TSR = 0.49. Tip speed ratio 0.49 was chosen because the power performance of the open rotor VAWT was expected to be the best at the TSR in the above experiment. Figure 17 shows the example of the geometry, boundary conditions and mesh used for the model. Three different meshes (coarse, medium and fine) were built for the grid sensitivity study, as shown in Table 3 . The azimuth angle of 0 • was set as the initial rotation position for one blade of the open rotor. All the 360 sets of data obtained from the above three simulations (coarse, medium and fine mesh) were plotted after the completion of one cycle of the open rotor. The comparison was carried out on the torque coefficient between the three cases. 
Computational grid sensitivity study was conducted to choose the suitable grid number that can guarantee not only a low computational cost but also a relatively accurate result. In the current study, the computational domain, boundary condition and turbulence model mentioned in Sections 4.2.1. and 4.2.2. were employed. This case was based on a 5-bladed H-rotor VAWT with the FX63-137 airfoil, a diameter of 0.3 m, which was the same VAWT in the experiment. Furthermore, this mesh sensitivity study was performed by re-simulating the above experiment for an open rotor VAWT at an inlet wind speed of U∞ = 6.5 m/s and TSR = 0.49. Tip speed ratio 0.49 was chosen because the power performance of the open rotor VAWT was expected to be the best at the TSR in the above experiment. Figure 17 shows the example of the geometry, boundary conditions and mesh used for the model. Three different meshes (coarse, medium and fine) were built for the grid sensitivity study, as shown in Table 3 . The azimuth angle of 0° was set as the initial rotation position for one blade of the open rotor. All the 360 sets of data obtained from the above three simulations (coarse, medium and fine mesh) were plotted after the completion of one cycle of the open rotor. The comparison was carried out on the torque coefficient between the three cases. Figure 18 shows the instantaneous torque coefficient of one blade versus the azimuth angle. There is a little dissimilarity in the azimuth angle of 0° to 60° and 255° to 360° among the three cases, and the maximum torque coefficient is generated at the value around 100° for the three cases in the windward side. The solution of the coarse and fine (medium) meshes is different between the azimuth angle of 60-255°, while there is almost no obvious difference in the simulation results between the medium mesh and the fine mesh in all the 360 azimuth angles. Figure 18 shows the instantaneous torque coefficient of one blade versus the azimuth angle. There is a little dissimilarity in the azimuth angle of 0 • to 60 • and 255 • to 360 • among the three cases, and the maximum torque coefficient is generated at the value around 100 • for the three cases in the windward side. The solution of the coarse and fine (medium) meshes is different between the azimuth angle of 60-255 • , while there is almost no obvious difference in the simulation results between the medium mesh and the fine mesh in all the 360 azimuth angles. According to Table 3 and Figure 18 , it shows that the time spent in the simulation mainly depends on the mesh number employed in the simulation. It seems that the medium mesh is a better choice considering the result accuracy and calculation time. Thus, the medium mesh was adopted for the subsequent simulations in this paper.
Method of CFD Validation
In this section, CFD simulations are conducted to verify the accuracy of the experimental power performance of the VAWT embedded in the double slope roof and VRGV structure in Section 4.1.3. The CFD simulations were carried out based on the computational domain, boundary condition, turbulence model and mesh mentioned in Sections 4.2.1., 4.2.2. and 4.2.4. The double slope roof, vertical axis wind turbine and the VRGV for this simulation are modeled with the same dimensions as the experimental prototype which as described in Section 4.1.1. The simulations were performed for a 5-bladed VAWT with FX63-137 airfoil mounted on a double slope roof with the VRGV at an inlet wind speed U∞ = 6.5 m/s and at seven different TSRs by repeating the above experiment mentioned in Section 4.1.3. Figure 19 shows the example of the geometry, boundary conditions and the mesh used for the model. In these simulations, one time step was set to one degree of the blade rotation and residual convergence was set to 0.0001. Also, in this study, the torque coefficient value of the VAWT was captured in a non-dimensional form at each degree of the rotational azimuth angle. After one blade completed one rotational cycle at a particular TSR (λ), all the 360 sets of the torque coefficient data of one blade were obtained and the power coefficients of one blade was calculated by Equation (5) . In the process, the distribution of the power coefficient (Cp) of one blade of the VAWT versus the azimuth angle (0-360°) at a particular TSR was obtained. Moreover, the average power coefficient of the VAWT at a particular TSR (λ) can be calculated as follows:
where, Cτ is the torque coefficient of the VAWT. According to Table 3 and Figure 18 , it shows that the time spent in the simulation mainly depends on the mesh number employed in the simulation. It seems that the medium mesh is a better choice considering the result accuracy and calculation time. Thus, the medium mesh was adopted for the subsequent simulations in this paper.
In this section, CFD simulations are conducted to verify the accuracy of the experimental power performance of the VAWT embedded in the double slope roof and VRGV structure in Section 4.1.3. The CFD simulations were carried out based on the computational domain, boundary condition, turbulence model and mesh mentioned in Sections 4.2.1, 4.2.2 and 4.2.4. The double slope roof, vertical axis wind turbine and the VRGV for this simulation are modeled with the same dimensions as the experimental prototype which as described in Section 4.1.1. The simulations were performed for a 5-bladed VAWT with FX63-137 airfoil mounted on a double slope roof with the VRGV at an inlet wind speed U ∞ = 6.5 m/s and at seven different TSRs by repeating the above experiment mentioned in Section 4.1.3. Figure 19 shows the example of the geometry, boundary conditions and the mesh used for the model. In these simulations, one time step was set to one degree of the blade rotation and residual convergence was set to 0.0001. Also, in this study, the torque coefficient value of the VAWT was captured in a non-dimensional form at each degree of the rotational azimuth angle. After one blade completed one rotational cycle at a particular TSR (λ), all the 360 sets of the torque coefficient data of one blade were obtained and the power coefficients of one blade was calculated by Equation (5) . In the process, the distribution of the power coefficient (C p ) of one blade of the VAWT versus the azimuth angle (0-360 • ) at a particular TSR was obtained. Moreover, the average power coefficient of the VAWT at a particular TSR (λ) can be calculated as follows:
where, C τ is the torque coefficient of the VAWT. Figure 19 . Geometry, boundary conditions and mesh used for the simulation model (VAWT integrated double slope roof with VRGV).
Economic Estimation
The VRGV with a solar photovoltaic system and wind power system installed on a building with a double slope roof is important to help the building to be able to solve the issues of power generation and environmental pollution. Thus, the cost-effectiveness analysis of the VRGV installed on a building should be considered during the period of operation. In this economic estimation, the life cycle cost (LCC) method is conducted to estimate the investment cost and economic profits over the whole life cycle time, furthermore make cash flows time-equivalent, including payback period for the capital and operating expenses over the life cycle time and the net present value (NPV). The LCC analysis needs to consider the fluctuation of operation and maintenance costs, discount rates, tariff rate and currency present value, etc. In this study, only the cost-effectiveness of the solar photovoltaic system and the wind power system of the VRGV were analyzed, the cost-effectiveness of the rainwater collection & utilization system as well as the heat dissipation air vent of the VRGV was not considered.
Cost-Effectiveness of Solar Photovoltaic System
The solar radiation data, originated from the meteorological station in Subang city of Malaysia, support the estimation of the power generation of the solar PV system. The power generation of the solar PV system on an actual size building with the VRGV can be calculated as follows:
where, Gs is the annual mean global radiation (kWhm −2 ), As is the array active area (m 2 ), K is the shadow factor, εPV is the influential factor of surface inclination and direction in terms of solar PV panel power output, ηPS is the module energy conversion efficiency, PR is the influential factor of surface inclination and direction in terms of the performance ratio. Table 4 shows the specific parameters of the solar PV panels. Table 5 shows the monthly solar radiation from 2012 to 2014 in Subang city. Figure 19 . Geometry, boundary conditions and mesh used for the simulation model (VAWT integrated double slope roof with VRGV).
Economic Estimation
Cost-Effectiveness of Solar Photovoltaic System
where, G s is the annual mean global radiation (kWhm −2 ), A s is the array active area (m 2 ), K is the shadow factor, ε PV is the influential factor of surface inclination and direction in terms of solar PV panel power output, η PS is the module energy conversion efficiency, PR is the influential factor of surface inclination and direction in terms of the performance ratio. Table 4 shows the specific parameters of the solar PV panels. Table 5 shows the monthly solar radiation from 2012 to 2014 in Subang city. 69.4% Influential factor of surface inclination and direction on power output, ε PV [65] 0.95 Energy conversion efficiency, η ps [65] 15% Influential factor of surface inclination and direction on performance ratio, PR [65, 66] 71.8% Module size 1956 × 992 × 50 mm Area of solar PV cells [47] 1.94 m 2 Estimated percentage of cell active area [65] 75% Cell active area of a module, A cells 1.455 m 2 Number of solar PV panels [47] 108 Total active area of solar PV panels, A s 157.14 m 2 Annual cash flow of solar photovoltaic power generation is given as:
where, E 1 is the annual cash flow of the solar photovoltaic power generation ($); G solar is the annual power generation of the solar photovoltaic system (kWh); P r is the local solar power tariff ($/kWh). The parameters for estimating the economic profit of the solar PV power generation are shown in Table 6 . Table 6 . Parameters for estimating cash flow of solar photovoltaic power generation.
Item Value
Annual power generation of the solar photovoltaic system installed on the two layers of roof structures (VRGV and double slope gable roof), G solar (kWh/year) * [47, 65, 66] 20,432.52
Tariff for electricity ** generated by renewable sources (wind power), P r ($/kWh) [67] 0.26 * The weather (solar) data used for calculating annual power generation of the solar photovoltaic system were collected from a weather station in Subang city, Malaysia. ** Valid for 21 years from the FiT effective date.
The economic cost of the solar photovoltaic system (E 2 ) mainly refers to the sum of the initial capital cost, operation and maintenance costs for the solar photovoltaic system. The detailed economic parameters are included in Table 7 . Table 7 . Parameters of costs and maintenance of solar photovoltaic system.
PV panels [47] $27,000.00 VRGV [39] $2500.00 Inverter * per unit $900.00 Hybrid controller * per unit $250.00 Estimated initial installation [47] $1500.00 Estimated initial cost $32,150.00 PV operation and maintenance cost per day [68] [69] [70] $0.056 PV operation and maintenance cost per kWh [69, 71] $0.001 * Inverter and hybrid controller are replaced every five years.
Cost-Effectiveness of Wind Power Generation System
The power generation of the wind turbines installed on an actual size building with the VRGV at the selected location was calculated by the Betz law given below:
where, ρ is the atmospheric density (kg/m 3 ), C p is the efficiency factor of the rotor, η g is the efficiency factor of the generator, η WD is the factor of wind direction loss, A is the swept area of the turbine blade (m 2 ), V is the augmented wind speed due to the VRGV design (m/s). In this case, a 300 W VAWT (R = 0.6 m) was selected to match the actual building, because the VAWT with a rated power of 300 W is quite common and inexpensive in the market and the size is appropriate to the present building ratio. The parameters of the VAWT are shown in Table 8 . The mean wind speed in Subang city, Malaysia is shown in Table 9 . According to a series of CFD simulations and experiments, a wind speed augmented factor (f = 1.63) due to the VRGV was determined [46] . The augmented wind speed due to the VRGV design at the location of the eco-roof system (Subang city, Malaysia) is shown in Table 10 . Annual cash flow of wind power generation is given as:
where, E 3 is the annual cash flow of the wind power generation ($), G wind is the annual power generation of the wind turbines embedded in the double slope roof and VRGV (kWh); P r is the local wind power tariff ($/kWh). The parameters for estimating the economic profit of the wind power generation are shown in Table 11 . Table 11 . Parameters for estimating cash flow of wind power generation.
Item Value
Annual power generation of the wind turbines embedded in the double slope roof and VRGV, G wind * (kWh per year) [46] 697.46
Tariff for electricity ** generated by renewable sources (wind power), P r ($/kWh) [ The economic cost of the wind power system (E 4 ) mainly refers to the sum of the initial capital cost, as well as the operation and maintenance costs for wind power system. Details of the economic parameters are shown in Table 12 . Table 12 . Economic parameters of wind power system.
Wind turbines [47] $3600.00 VRGV [39] $2500.00 Inverter * per unit $900.00 Hybrid controller * per unit $250.00 Estimated initial installation [47] $500.00 Estimated initial cost $7750.00 PV operation and maintenance cost per day [68] [69] [70] $0.017 PV operation and maintenance cost per kWh [69, 71] $0.011 * Inverter and hybrid controller are replaced every five years.
NPV of the VRGV
In Malaysia, the fluctuation of energy price is affected by two factors-market and government regulation. According to the trends of the electricity tariff, the tariff rate is estimated to increase by 10% annually [68] . The extra property tax and discount factor is predicted to be 2% and 8% respectively [68, 72] . The price for operation and maintenance is estimated to increase by 4% per year based on the price trends in operation and maintenance [73] . The specific economic parameters used in the calculation are included in Table 13 . The calculation of the savings regarding the solar PV system and wind power system refers to the following equation:
where, E CET is the commercial electricity tariff, E cost is the cost of energy production. The present worth factor (PWF) is introduced to define the benefits of the entire system. Hypothesizing a payment replicates each year and inflates at a rate of i per year, the PWF of the payments is calculated as follows:
where, N denotes the period of economic evaluation, i denotes the inflation rate, and d denotes the discount rate.
The following equation demonstrates the present value (PV) of payment or revenue for the Nth year.
Therefore, the resultant of NPV is obtained from the aforementioned calculations and shows the sum of present values in a given period.
Results and Discussion
Result and Discussion of the Experiment Without Load
From the experiment without load, the presence of the VRGV was able to use the Venturi effect to augment the wind velocity at the location of the wind turbine between the two-layer roof, refer to Figure 20 . The maximum wind speed at the front touch point of the wind turbine in the presence of the VRGV was found to be around 7.8 m/s when the wind speed data displayed in the anemometer became steady, compared to 6.5 m/s as the incoming wind speed, which was approximately 20% speed increment due to the VRGV design. The maximum wind speed at the front touch point of the wind turbine under the condition of a double slope roof without VRGV was found to be around 6.95 m/s, which was a 6.92% speed increment than the incoming wind speed.
The design of the VRGV can also improve the self-start behavior of the wind turbine installed on the double slope roof. The start-up wind speed of the VAWT in the presence of VRGV was 3.34 m/s, which is lower than the start-up wind speed of the VAWT without the VRGV, 3.8 m/s and an open rotor, 4.05 m/s, obtaining a self-starting speed optimization of 13.78% and 21.26% respectively, refer to Figure 20 . Thus, longer running hours and a wider application range can be expected by the application of the VAWT with the VRGV [40] . Rotational speed comparison between the cases of an open rotor VAWT, a VAWT with a double slope roof and a VAWT embedded in the double slope roof and VRGV is shown in Figure 20 . The VAWT with VRGV can achieve a maximum rotational speed of 396.27 RPM at the initial incoming wind speed of 6.5 m/s. The rotational speed of the VAWT with the VRGV obtained an increment of 38.2% and 42.67% compared to a VAWT without the VRGV and an open rotor VAWT at the initial incoming wind speed of 6.5 m/s. The details of the performance comparison in the experiment without load are listed in Table 14 .
From the experiment without load, the presence of the VRGV was able to use the Venturi effect to augment the wind velocity at the location of the wind turbine between the two-layer roof, refer to Figure 20 . The maximum wind speed at the front touch point of the wind turbine in the presence of the VRGV was found to be around 7.8 m/s when the wind speed data displayed in the anemometer became steady, compared to 6.5 m/s as the incoming wind speed, which was approximately 20% speed increment due to the VRGV design. The maximum wind speed at the front touch point of the wind turbine under the condition of a double slope roof without VRGV was found to be around 6.95 m/s, which was a 6.92% speed increment than the incoming wind speed. 
Result and Discussion of the Experiment with Load
Three sets of experiments with load were conducted for testing the wind turbine power performance using a dynamometer controller system, which were carried out under the same conditions, i.e., one for an open rotor (VAWT), another for a VAWT installed on a double slope roof and the third for a VAWT embedded in the double slope roof and VRGV were conducted.
In the present study, the variables monitored on the performance of the wind turbine from the above three cases were evaluated based on the power coefficient, C p versus the tip speed ratio, λ. Figure 21 shows the C p versus the tip speed ratio for the experimental tests, where the correspondence between the C p and TSR (λ) can be identified. The result shows that the VAWT embedded in the double slope roof and VRGV has the highest average power coefficient values compared to others, the highest power coefficient value is about 0.107 at a TSR of 0.68. The average power coefficient value of the VAWT installed on a double slope roof was lower. Again, in the case of the open rotor VAWT, the overall power performance of the VAWT further decreases, even if the power performance is slightly higher than that of the VAWT integrated with a double slope roof at low TSRs (below 0.44). In the presence of the VRGV, the flow along the blades can effectively increase the lift force which increases the torque, thus improves the power output of the wind turbine [48] . This experiment shows that the design of a VRGV has a significant effect on improving the power performance of the VAWT mounted on a double slope roof.
performance is slightly higher than that of the VAWT integrated with a double slope roof at low TSRs (below 0.44). In the presence of the VRGV, the flow along the blades can effectively increase the lift force which increases the torque, thus improves the power output of the wind turbine [48] . This experiment shows that the design of a VRGV has a significant effect on improving the power performance of the VAWT mounted on a double slope roof. 
CFD Validation With Experiment Result
CFD Validation with Experiment Result
The distribution of the power coefficient, C p of the VAWT at seven different TSRs versus the azimuth angle was obtained through the simulation in Section 4.2.5. Figure 22 shows the C p of a single blade of the VAWT at seven different TSRs versus the azimuth angle. Figure 23 shows the C p of a 5-bladed VAWT at seven different TSRs versus the azimuth angle. According to the CFD simulation, the maximum average power coefficient of the 5-bladed VAWT was captured at TSR = 0.68. A visualization image of flow velocity contours of the VAWT in the presence of a double slope roof and VRGV was captured in the CFD simulation process, refer to Figure 24 . The distribution of the power coefficient, Cp of the VAWT at seven different TSRs versus the azimuth angle was obtained through the simulation in Section 4.2.5. Figure 22 shows the Cp of a single blade of the VAWT at seven different TSRs versus the azimuth angle. Figure 23 shows the Cp of a 5-bladed VAWT at seven different TSRs versus the azimuth angle. According to the CFD simulation, the maximum average power coefficient of the 5-bladed VAWT was captured at TSR = 0.68. A visualization image of flow velocity contours of the VAWT in the presence of a double slope roof and VRGV was captured in the CFD simulation process, refer to Figure 24 . The maximum power coefficient for a 5-bladed VAWT in the CFD simulation and the experiment occurred at TSR of 0.68, and the maximum power coefficient values are 0.124 in the CFD simulation and 0.107 in the lab experiment. The comparison result shows that the maximum power coefficient in the CFD simulation is about 1.16 times higher than the maximum power coefficient obtained from the experiment. By comparing the power coefficient between the simulation and the experiment, the error is approximately 15.98%. The following are the observations and analysis about this comparison:
• Quantitative differences occurred in the contrast of the CFD simulation and the experiment, but the overall trends of the simulation and experimental results are similar.
•
The simulation result has over-predicted the power coefficient value than the experimental result. The reason for the variation is that the blade tip losses and the drag from the spoke are not evaluated in the simulation analysis [74] .
• Another reason might be associated with the geometrical simplification in the 2D CFD analysis, e.g., the impact of the supporting and connecting structures of the VAWT are not considered in the CFD simulations. However, the CFD simulations involved 2D cases only, while the experiment was conducted in a 3D environment, the wind loss of the experimental model and the laboratory environment can affect the results.
The CFD result has lower-predicted the value of the power coefficient at low tip speed ratios. Such underestimation might be related to the inability of 2D Unsteady Reynolds-Averaged Navier-Stokes (URANS) to precisely simulate the complex intrinsic 3D flow associated with dynamic stall and blade-wake interactions [75] .
Economic Estimation of the VRGV with a Solar PV System and Wind Power System Mounted on an Eco-Roof System
Economic estimation of the VRGV with a solar PV system and wind power system indicates that cash flow breakeven occurs in the seventh year (20-years life cycle), refer to Figure 26 . 
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Economic Estimation of the VRGV with a Solar PV System and Wind Power System Mounted on an Eco-Roof System
Economic estimation of the VRGV with a solar PV system and wind power system indicates that cash flow breakeven occurs in the seventh year (20-years life cycle), refer to Figure 26 . • The annual power generation by the solar photovoltaic system and wind power system installed on this eco-roof system with the VRGV in Subang city, Malaysia is estimated to be 21,129.98 kWh.
•
The cumulative NPV of the VRGV system during a 20-year period is $88,071.066 in the premise of the market discount rate of 8%.
• Total cash flow of generated electricity by the VRGV with solar PV system and wind power system is $346,122.804 in 20 years of the life cycle.
Total cost of the VRGV with solar PV system and wind power system is $52,020.702 in 20 years of the life cycle.
The cash flow breakeven time is expected to be shorter and the NPV will be higher if the economic estimation for the rainwater collection & utilization system and heat dissipation air • The annual power generation by the solar photovoltaic system and wind power system installed on this eco-roof system with the VRGV in Subang city, Malaysia is estimated to be 21,129.98 kWh.
Total cash flow of generated electricity by the VRGV with solar PV system and wind power system is $346,122.804 in 20 years of the life cycle.
• Total cost of the VRGV with solar PV system and wind power system is $52,020.702 in 20 years of the life cycle.
The cash flow breakeven time is expected to be shorter and the NPV will be higher if the economic estimation for the rainwater collection & utilization system and heat dissipation air vent of the VRGV was considered.
Conclusions
A VAWT integrated with a VRGV mounted on an eco-roof system has been designed and tested. The VRGV can be installed onto an existing building without a negative visual impact. This VAWT-enabled eco-roof system integrated with VRGV can effectively maximize the house electricity generation compared to a conventional eco-roof.
The results obtained from a none load experimental study shows that the presence of the VRGV is able to augment the wind speed by 12.23% and 20% respectively compared to the one without the VRGV and an open rotor VAWT, when the wind passes through the wind turbine that is located between the two-layers roof and can improve the self-start behavior of the VAWT by 13.78% and 21.26% respectively compared to the one without the VRGV and an open rotor VAWT. The VRGV can also effectively increase the RPM of the VAWT installed on a double slope rooftop by 38.2% and 42.67% compared to a VAWT integrated on the double slope roof without the VRGV and an open rotor VAWT respectively at an oncoming wind speed of 6.5 m/s. Furthermore, the results obtained from the load experimental test showed that the VAWT integrated with the VRGV can achieve higher C p values (maximum 0.107) than the case without the VRGV (maximum 0.063) and an open rotor (maximum 0.051). Hence, the VRGV design is able to improve the power coefficient of the wind turbine mounted on a double slope roof.
CFD simulation was conducted to verify the result of the experimental power performance of the VAWT in the presence of the VRGV. Similar curve trends of the C p was achieved for both the lab experiment and CFD simulation. From the simulation result, it is shown that the C p of a 5-bladed VAWT with FX63-137 airfoil mounted on the double slope roof with the employment of the VRGV has been increased by 15 .98% compared to the experimental result. The maximum C p is about 0.124 at a TSR value of 0.68 in the simulation.
The wind speed data and solar irradiance values for the economic estimation were obtained from Subang City, Malaysia. Moreover, the position of the building was assumed to face towards North-northwest in the fourth quadrant (300 • -320 • ), where the dominant wind frequency occurs in Subang. As a means of driving at an economic conclusion, the annual power generation by the solar photovoltaic system and the wind power system installed on this eco-roof system with the VRGV is approximately 21,129.98 kWh. The investment cost of the VRGV system can be recovered at the 7th year, and the cumulative NPV ($88,071.066) can be achieved during a period of 20 years. More power generation and payback in a shorter period can be anticipated when the building with the VRGV is in a location with higher wind speeds.
For future study, a 3D numerical simulation will be conducted to study the power performance of the wind turbine in the presence of the VRGV. A wind tunnel test will be carried out to study the effect of the turbulence on the power performance of the wind turbine, where higher Reynolds number flow regime and higher accuracy can be achieved. Additionally, future studies will also include a field test on a prototype to investigate the pressure distribution at the ridge of a gable roof to optimize ventilation system in this hybrid eco-roof system.
Patent
A Malaysian invention patent named "Wind Harvester Installation On A Building" (PI 2016703622) resulting from the work reported in this manuscript has been obtained ( Figure 27 ). include a field test on a prototype to investigate the pressure distribution at the ridge of a gable roof to optimize ventilation system in this hybrid eco-roof system.
A Malaysian invention patent named "Wind Harvester Installation On A Building" (PI 2016703622) resulting from the work reported in this manuscript has been obtained ( Figure 27 ). 
URANS
Unsteady Reynolds-Averaged Navier-Stokes VAWT Vertical axis wind turbine VRGV V-shape roof guide vane C P Power coefficient C τ Torque coefficient P
Power output E 1 Annual cash flow of solar photovoltaic power generation, USD E 2 Economic cost of solar photovoltaic system, USD E 3 Annual cash flow of wind power generation, USD E 4 Economic cost of wind power system, USD E n Annual net present value of the V-shape roof guide vane, USD 
